Object. Fusiform dilation of the supraclinoid internal carotid artery (FDCA) is a reported occurrence following surgery for suprasellar tumors, in particular craniopharyngiomas. We report our experience of the incidence and natural history of FDCA following aggressive surgical resection of craniopharyngiomas in children.
raniopharyngiomas are the most common nonglial brain tumors of childhood, constituting 6-8% of pediatric brain tumors. 2, 6, 38 They are benign neoplasms thought to arise from embryological remnants of squamous epithelium of the craniopharyngeal duct. 46, 54 They most commonly arise in the suprasellar region and have intimate relationships with the hypothalamus, optic pathways, pituitary stalk, and, importantly, the circle of Willis.
In addition to the chronic and severe debilitation caused by hypothalamic injury, the risks of ICA injury during surgery can result in immediate injury or death from stroke or uncontrollable hemorrhage. This complication has been reported by a number of centers with large series of craniopharyngiomas treated both transcranially and transsphenoidally. 5, 8, 12, 24, 30, 32, 33, 59 Originally reported by Sutton and colleagues in 1991, 51 a more subacute and subclinical manifestation of vascular injury can also occur and result in fusiform aneurysmal dilation of the carotid artery (FDCA). More common than intraoperative ICA laceration, FDCA has been reported to occur in 11-29% of cases after radical resection. 3, 50, 51 Our treatment paradigm centers on radical resection for curative intent of craniopharyngiomas in patients of all age groups regardless of lesion size, predominantly via a pterional approach. We sought to determine the risk of FDCA with our aggressive surgical treatment strategy, identify risk factors that may predict the development of FDCA, and determine the clinical significance and natural history of FDCA in children with craniopharyngiomas.
Methods
Between 1986 and 2008, a total of 86 consecutive patients under the age of 21 underwent 104 operations for Fusiform dilation of the carotid artery following radical resection of pediatric craniopharyngiomas: natural history and management excision of craniopharyngiomas performed by the senior author (J.H.W.) at NYU Langone Medical Center. Following study approval by the NYU institutional review board, data were retrospectively collected through review of clinic/office and inpatient records, pre-and postoperative and last follow-up CT and/or MR imaging studies, and operative and pathology reports. Patient characteristics, prior treatments, imaging features, extent of resection, and other oncological treatments were recorded. Long-term follow-up information was obtained between 2006 and 2009 by contacting patients, families, and referring physicians, and from records of the last follow-up office visit. Current follow-up data were not available in 2 patients and their follow-up duration was censored at time of last visit (131 and 180 months). Primary tumors were those treated at NYU at time of initial presentation; recurrent tumors were those referred to NYU for surgery after failure of prior treatment at other hospitals. Of note, some patients in this series were included in other reports on various aspects of the management of craniopharyngiomas in children. [14] [15] [16] [17] 48, [55] [56] [57] Ten cases were excluded for the following reasons: less than 1 year of follow-up imaging (6), perioperative death (3), and nonsuprasellar tumors (1). Data were retrospectively collected on the remaining 76 cases to determine the risk factors for and the rate and clinical significance of FDCA.
Gross-total resection was the primary aim of treatment in all cases. Our preferred approach is a modified pterional craniotomy with removal of the superior orbital rim. Details of our operative approach have been described elsewhere. 48, 56 Gross-total resection was defined as lack of residual tumor on intraoperative visual inspection and lack of residual soft-tissue mass or enhancement suspicious for tumor on postoperative images as determined by an independent neuroradiologist. If these criteria were not met, the resection was deemed subtotal. Postoperative imaging was performed as follows: every 3 months for the first year, every 4 months for the second year, every 6 months for the next 3 years, and then every 1 year for the next 5 years. If FDCA was discovered, MR angiography was performed at the time of each follow-up MR imaging study.
All times are recorded from time of surgery at NYU. Averages are reported as means ± SDs. The Mann-Whitney U-test (Wilcoxon rank sum test) was used to compare nonparametric variables between groups. The Fisher exact and chi-square tests were used to compare proportions of 2 or more groups, respectively. All statistics were calculated with SSPS software (SSPS 17.0 for Mac; SSPS, Inc.). A 2-tailed p value < 0.05 was considered statistically significant.
Results

Patient Demographics and Preoperative Imaging
The study group consisted of 33 female (43%) and 43 male (57%) patients. Their mean age was 9.54 ± 4.95 years at time of surgery (median 9.5, range 9 months-20.5 years). Fifty patients (66%) had primary tumors and 26 (34%) had received prior treatment (recurrent). Thirtynine tumors (51.3%) were prechiasmatic, 32 (42.1%) were retrochiasmatic, and 5 (6.6%) had both pre-and retrochiasmatic components. The mean maximum tumor diameter was 4.06 ± 1.59 cm (median 4, range 1.2-8 cm). Twenty-nine patients (38%) had hydrocephalus on preoperative imaging and 19 patients (25%) had VP shunts before or required a VP shunt after surgery at NYU.
Surgical Outcomes and Follow-Up
The modified pterional approach with removal of the superior orbital rim was used in all 76 patients. It was combined with another approach in 5 patients (contralateral pterional, transsphenoidal, transcallosal [2] or subtemporal). Sixty-six patients (87%) had GTR and 10 patients (13%) had STR.
The mean follow-up duration was 9.86 ± 6.4 years (median 9.12, range 1.25-23.8 years). Nine patients died during the study period, yielding a crude overall survival rate of 88%.
Incidence and Disease Course of FDCA
Seven patients (9.2%) developed unilateral FDCA during the follow-up period. All 7 had primary tumors and GTR. No instances of FDCA occurred in patients with recurrent tumors, after any reoperations for recurrences in the primary tumor group, or after RT. The mean time to diagnosis of FDCA on postoperative imaging was 6.8 ± 3.0 months (median 6 months, range 3-11 months). The mean preoperative ICA diameter ipsilateral to the eventual FDCA was 4.5 ± 0.4 mm (median 4.6 mm, range 4-5 mm). The mean maximum diameter at time of FDCA stabilization was 9.1 ± 1.6 mm (median 9 mm, range 7.1-12 mm). Stabilization of FDCA occurred in all 7 cases. The mean time from surgery at our hospital to stabilization of FDCA was 17.7 ± 8.2 months (median 15.4 months, range 9-29.5 months). Figure 1 illustrates the evolution of FDCA over time in all 7 patients. No patient exhibited progressive dilation of the ICA as evidenced by the eventual flattening of the curves in all cases. All patients remained asymptomatic from FDCA and no patient required treatment. Table 1 compares the demographic, clinical, and imaging data between patients who developed and those who did not develop FDCA. No patients received RT prior to the development of FDCA. There were no between-group differences in age, sex distribution, tumor location, presence of hydrocephalus or VP shunt, or surgical approach, technique, or extent of resection. There were statistically insignificant trends toward patients with FDCA having smaller tumors than those who did not develop FDCA (p = 0.11) and toward a higher proportion of patients with primary compared with recurrent tumors in the FDCA group (p = 0.09). Otherwise, no risk factors could be identified that were associated with the onset of FDCA. 
Risk Factors for FDCA
Illustrative Cases
Case 1: Left FDCA and Recurrent Craniopharyngioma
This 4-year-old girl presented with headache and was diagnosed with a 3-cm retrochiasmatic craniopharyngioma. She underwent GTR of this lesion via a left pterional craniotomy with resultant DI and hypopituitarism. She developed slight dilation of the left ICA 9 months following surgery-from a baseline diameter of 4 mm to a maximum of 8 mm. Stabilization was documented at 28 months but she was noted to have a small, asymptomatic suprasellar recurrence of the tumor ( Fig. 2A and B) . Digital subtraction angiography prior to consideration of a second resection better illustrated her FDCA (Fig. 2C  and D) . Given the perceived increased risk of additional surgery, the child was treated with Gamma Knife surgery, with a progressive decrease in tumor size (Fig. 2E-H ) and stable FDCA (Fig. 2I) . She remains disease free 6 years after her last treatment, has remained without symptoms from her FDCA, and has required no further treatment.
Case 2: Right FDCA After Removal of Giant Craniopharyngioma
This 10-year-old boy presented with headache and lethargy. On examination, he had a moderate left hemiparesis and left homonymous hemianopsia. A MR imaging study revealed a 5-cm multicystic tumor arising in the suprasellar region with extension into the right middle fossa with significant mass effect and deformation of the insula, hypothalamus, and thalamus ( Fig. 3A and B) . Via pterional craniotomy, he had an uncomplicated GTR of this tumor with resolution of his lethargy and hemiparesis and improvement in his visual field status (residual left superior quadrantanopsia). He had no hypothalamic disturbance pre-or postoperatively despite significant mass effect on the hypothalamus. On 6-month follow-up MR imaging, however, there was increase in the caliber of the right ICA from the 4.8-mm baseline to 6.5 mm. On the 9-month study the lesion was found to have increased again, to 7.8 mm, but it stabilized at 9 mm at 12 months ( Fig. 3C and D) . The patient has had no further growth in the size of the lesion or symptoms referable to his FDCA. He required no adjuvant therapy and has remained disease free for 18 years following resection.
Case 3: Right FDCA With Onset 3 Months Following Resection
This 10-year-old boy presented with short stature and was found to have a 2-cm retrochiasmatic craniopharyngioma (Fig. 4A) . He underwent GTR via pterional craniotomy ( Fig. 4B) with subsequent DI and hypopituitarism and visual improvement. On his 3.5-month follow-up MR images, he was noted to have right FDCA, with an increase from his baseline of 4.2 mm (Fig. 3C ) to 5 mm. Serial imaging at 6 and 9 months showed further increase in size ( Fig. 4D and E) with eventual stabilization at 9 mm on his 12-and 15-month studies.
Discussion
In our review of 76 consecutive patients under the age of 21 who were treated with aggressive microsurgical resection of craniopharyngiomas with complete followup imaging, we found that almost 10% experienced postoperative FDCA. In all cases, however, the aneurysm size stabilized on serial imaging and none of the patients experienced symptoms due to the FDCA or required treatment for it. Our results corroborate work by other authors 3, 50, 51 showing that FDCA may be a relatively frequent but clinically benign complication following craniopharyngioma resection.
Given the predominantly suprasellar location of craniopharyngiomas, treatment can be fraught with side effects-both major and minor-that are detrimental to patients' quality of life. The most commonly reported complications include DI, hypopituitarism, vision deterioration, hypothalamic dysfunction, and obesity. 5, 10, 11, 13, 14, 18, 21, 23, 24, 26, 31, 39, 40, 47, 53, 59, 60 Acute vascular injury, however, can be one of the most devastating and deadly complications of craniopharyngioma resection, occurring after both transcranial and transsphenoidal approaches. 5, 8, 12, 14, 24, 30, 32, 33, 59 Both ICA laceration and severe vasospasm 14, 24, 50, 51 have been reported as causes of severe strokes and death.
Fusiform dilation of the supraclinoid ICA is a subacute and subclinical vascular injury to the supraclinoid segment of the ICA, originally described in conjunction with craniopharyngioma resection by Sutton and colleagues. 51 In general, fusiform aneurysms are nonsacular dilations involving the entire circumference of a vessel wall for a short distance. 9, 41, 42, 45 The proposed pathogenetic mechanisms of "spontaneous" fusiform aneurysms include atherosclerosis and dissection and appears to involve disruption of the internal elastic lamina. [41] [42] [43] The pathogenesis of FDCA remains uncertain. Damage to the ICA adventitia from surgical manipulation, 50, 51 injury to the sympathetic plexus adherent to the adventitia of ICA 3, 52 and injury to the vasa vasorum of the ICA have been hypothesized as possible causes of FDCA. 50, 51 The condition, however, has not been reported in adults following resection of suprasellar tumors or is not routinely noted following arterial manipulation during aneurysm clipping. Whether this makes the causes proposed above less likely is unknown; the unique presence of FDCA in the pediatric population may be secondary to anatomical and biological differences between the more immature cerebral arteries of children and those of adults. 52 Histopathological examinations of the supraclinoid segment of the ICA have demonstrated the absence of vasa vasorum, making this hypothesis less likely. 58 Sutton and colleagues 51 first reported FDCA in 9 of 31 (29%) children who had radical resection of craniopharyngiomas at a mean follow-up of 3.7 years. The mean tumor size in children who developed FDCA was 2.9 cm. All instances of FDCA occurred before 18 months following resection, all stabilized in size and none became symptomatic or required treatment. Clipping was performed in 1 patient at the time of surgery for recurrent tumor to aid in the exposure of the tumor. Sutton 50 went on to provide extended follow-up on these patients (mean: 6.2 years), which then comprised 15.7% (9 of 57) of resected craniopharyngiomas. No further changes were noted in the aneurysms.
Bendszus and colleagues 3 examined a single-surgeon series of 62 children who underwent frontotemporal resection of suprasellar tumors (49 of which were craniopharyngiomas) and noted FDCA in 7 children (11%) at a mean follow-up duration of 4 years. Five of these children had craniopharyngiomas (5 of 49 [10%]). All cases of FDCA developed within 15 months following surgery and all were ipsilateral to the side of approach. Fusiform dilation of the supraclinoid ICA regressed in 1 patient, stabilized in 3, and exhibited progressive enlargement in 3. None, however, required treatment for FDCA. They reported no instances of FDCA in 40 adults who underwent resection of suprasellar tumors by the same surgeon and frontotemporal approach (11 craniopharyngiomas, 29 pituitary adenomas). Table 2 summaries the 26 reported cases of FDCA following craniopharyngioma resection in children and young adults. 3, 29, 35, 36, [50] [51] [52] Combining the 19 previously reported cases with 7 in this study, the mean age at time of surgery was 10.4 years. The mean tumor size was 3.3 cm and the mean interval from surgery to the diagnosis of FDCA was 12.5 months. Fusiform dilation of the supraclinoid ICA lesions stabilized in 20 of 24 cases (83%) over an average follow-up duration of 6.5 years (2 lesions were treated upon initial diagnosis without serial imaging 36, 52 ). Follow-up duration was in general shorter in patients reported to have growing lesions. All 15 lesions that have been observed for at least 5 years have stabilized in size. Only 2 (7.7%) cases became symptomatic (headache in 1 patient, vision loss from optic nerve compression in another patient) and 4 (15.4%) were treated surgically with clipping. No patients experienced rupture during the follow-up period.
While RT may have contributed to the onset or progression of FDCA in 3 reported cases, the majority of patients (88%) had not received RT prior to the onset of FDCA. The natural history of FDCA appears to run a dramatically difference disease course compared with radiation-induced aneurysms. 1, 4, 22, 25, 49 Sciubba et al. 49 reviewed 26 reported cases of RT-induced intracranial aneurysmsmost of which were saccular in morphology, not fusiform. These aneurysms occurred at a mean time of 10 years following treatment and presented with subarachnoid hemorrhage in more than 60% of cases. The putative pathogenesis of RT-induced aneurysms is endothelial damage from the ionizing radiation and smaller vessels and capillaries are usually more affected than larger caliber vessels. 44 Thus, the pathogenesis and natural history of radiation-induced aneurysms is markedly different from FDCA following craniopharyngioma surgery and these lesions should not be treated in a similar manner. Similarly, progressive growth of saccular aneurysms in both adults and children is a harbinger for rupture and would be an indication for intervention. We believe FDCA represents a benign entity that should be radiographically observed. Despite the anxiety provoked in patients, families, and practitioners by FDCA growth, a conservative approach may be wiser as long as the progressive dilation remains asymptomatic. We consider the following scenarios reasonable indications for treatment of FDCA: persistent or severe headache referable to the lesion location and side, neurological deficits from mass effect, thromboembolic events or focal change in morphological characteristics (development of a significant asymmetry along one wall or saccular component) that is worrisome for rupture. Treatment options include microsurgical clip reconstruction, or endovascular luminal reconstruction with a Neuroform stent (Boston Scientific) 19 or the Pipeline embolization device (PED; Chestnut Medical Technologies, Inc.).
20,37
The PED is a high-coverage but flexible stent that was specifically designed to achieve curative parent artery reconstruction of wide-necked and fusiform aneurysms. 20, 37 Given the critical branches and perforators arising from the supraclinoid ICA, the PED may be a better endovascular treatment to maintain branch artery patency.
We agree with Sutton et al. 51 that a contralateral approach may be safer if additional surgery is necessary for the treatment of recurrence. We support this recommendation based on our experience of finding extensive scar tissue and tumor densely adherent to the circle of Willis that prevented complete resection at repeat surgery in 38% of patients-especially in children who were treated with RT. 14 In the presence of such scarring around a vessel already compromised, the risk for further injury may be significant. For small, recurrent craniopharyngiomas, stereotactic radiosurgery may be a useful and safe option, and it is associated with high rates of reported local control. 7, 27, 28, 34 
Conclusions
Fusiform dilation of the supraclinoid ICA occurred in almost 10% of children following radical resection of craniopharyngiomas in this series and is likely secondary to surgical manipulation of the supraclinoid carotid artery. Given the low incidence of symptoms, rupture, or continued growth at a mean follow-up of nearly 10 years, we believe FDCA should be managed conservatively and patients should be followed up with serial imaging. The risk of reoperation in a heavily scarred operative field to obtain clip reconstruction or wrapping does not appear to justify the benefits of treating this radiographic finding with apparently limited clinical significance.
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